Protein deposition as amyloid fibrils underlies many debilitating human disorders. The complexity and size of disease-related polypeptides, however, often hinders a detailed rational approach to study effects that contribute to the process of amyloid formation. We report here a simplified peptide sequence successfully designed de novo to fold into a coiled-coil conformation under ambient conditions but to transform into amyloid fibrils at elevated temperatures. We have determined the crystal structure of the coiled-coil form and propose a detailed molecular model for the peptide in its fibrillar state. The relative stabilities of the two structural forms and the kinetics of their interconversion were found to be highly sensitive to small sequence changes. The results reveal the importance of specific packing interactions on the kinetics of amyloid formation and show the potential of this exceptionally favorable system for probing details of the molecular origins of amyloid disease.
T he aggregation of soluble proteins into amyloid fibrils is the common feature of a wide variety of severely debilitating human pathologies such as Alzheimer's disease, type II diabetes, and the transmissible spongiform encephalopathies (1, 2) . Recent studies suggest, moreover, that peptides and proteins possess an intrinsic ability to assemble into amyloid fibrils similar to those observed in disease states (3) (4) (5) . Remarkably, despite the lack of obvious similarities among primary sequences or structure of amylogenic polypeptides, all amyloid fibrils share common characteristics such as a similar morphology, a specific ␤-sheet based molecular architecture, and the necessity for at least partial unfolding or proteolytic degradation of the polypeptide chain before conversion into amyloid structures (6) (7) (8) (9) (10) .
Although substantial progress has been made in our understanding of the overall characteristics of amyloid structures and their formation, we still lack detailed knowledge of the intra-and intermolecular interactions that promote and stabilize these highly organized assemblies. Furthermore, the molecular details underlying the process of amyloid formation are still understood only in outline. These gaps in our knowledge result from the noncrystalline nature of amyloid fibrils, which makes their high-resolution structural analysis extremely challenging, and from the complexity and diversity of the different proteins that form amyloid aggregates.
To address these important issues, we have created a 17-residue peptide model system, referred to as cc␤, which forms a native-like coiled-coil structure under ambient solution conditions but which can be converted into amyloid fibrils by raising the temperature. The simplicity of the cc␤ system, as well as the detailed x-ray crystal structure reported here for its coiled-coil state and the amyloid fibril model put forward on the basis of evidence from x-ray fiber diffraction, spectroscopy, and microscopy, make it highly suitable for probing molecular details of the assembly of amyloid structures.
Materials and Methods
Peptide Synthesis and Derivatization. N-acetylated and C-amidated peptides were assembled on an automated continuous-flow synthesizer, employing standard methods. Controlled oxidation of methionine residues with hydrogen peroxide was performed as described (11) . The purity of the peptides was verified by reversed-phase analytical HPLC and their identities were assessed by mass spectral and amino acid analyses.
Spectroscopic Methods, Analytical Ultracentrifugation (AUC), and X-Ray Fiber Diffraction. Far UV CD spectroscopy was carried out in PBS (5 mM sodium phosphate, pH 7.4, supplemented with 150 mM NaCl) as described (12) . Fourier transform infrared spectroscopy on heat-treated deuterated peptide samples obtained at p 2 H 7.4 or p 2 H 2.0 was performed as described (13) . No significant differences in the spectra were observed between both pH values. Fibril formation was monitored by CD at 222 nm and by turbidity at 350 nm in PBS. Both methods yielded very similar results. Congo red staining of filamentous peptide samples was carried out as described (14) . Sample preparation and x-ray fiber diffraction image recording by using a CuK ␣ rotating anode equipped with a 180-or 300-mm MAR-Research image plate were performed as described (13) . AUC was performed on an Optima XL-A analytical ultracentrifuge (Beckman Instruments) equipped with an adsorption optical system (12) . Sedimentation equilibrium experiments were carried out at 4°C in PBS and rotor (An-60Ti) speeds between 40,000 and 50,000 rpm. The partial specific volumes of the peptides were calculated from their amino acid sequence.
Microscopic Methods. For transmission electron microscopy (TEM), protofibrils and mature fibrils were prepared at 37°C in PBS or water (final pH 3.5). Standard negative stain specimen imaging was carried out on a Philips Morgagni TEM operated at 80 kV equipped with a Megaview III charge-coupled device camera. Mass-per-length (MPL) measurements of unstained and freeze-dried fibrils prepared in water at 37°C were carried out by using a Vacuum Generators HB-5 scanning transmission microscope (STEM), operated at 80 kV as described (15, 16) . Tobacco mosaic virus (kindly supplied by R. Diaz-Avalos) served as mass standard. Atomic force microscopy (AFM) images were obtained with a Nanoscope IIIa multimode scanning probe workstation operating in tapping mode by using a silicon nitride probe with a spring constant of 0.32 N͞m (17) . Fibrils were prepared in water at 37°C and were imaged at room temperature in 10 mM Tris⅐HCl, pH 7.4, supplemented with 100 mM NaCl. Scan rates of 1.97 Hz and a cantilever drive frequency of Ϸ9 kHz were used.
Crystal Structure Determination. Hexagonal crystals were obtained overnight at 4°C by vapor diffusion using an initial peptide concentration of 5 mg͞ml and a reservoir consisting of 0.05 M Na-cacodylate, pH 6.5, 0.1 M Zn-acetate, and 10% polyethylene glycol 8000. The crystals were stabilized with 30% glycerol before analysis at Ϫ180°C. An x-ray data set was collected on a MAR-Research imaging plate with a 345-mm diameter by using monochromatized CuK␣ radiation produced by an EnrafNonius FR591 rotating anode generator. The structure was solved by molecular replacement with the program CNS (18) by using a search model based on residues Ala-15-Ala-31 from the GCN4-p1 coiled-coil structure (PDB ID code 2ZTA). The final structure was obtained by iterative rounds of model building using the computer graphics program MOLOC (19) and maximum likelihood refinement program BUSTER (20) . Data and refinement statistics are given in the Table 2 , which is published as supporting information on the PNAS web site.
Solid-State NMR. 13 
C{

15
N} rotational-echo double-resonance (REDOR) experiments (21) (22) (23) were performed on a Chemagnetics Infinity 300 spectrometer operating at a magnetic field of 7.05 T, equipped with a 4-mm triple-resonance magic-angle sample spinning probe, with parameters as follows: magic-angle sample spinning frequency 6 kHz, 13 C radio frequency field amplitude of 50 kHz, 15 N radio frequency amplitude of 40 kHz, 1 H decoupling at an amplitude of 110 kHz. The pulse sequence of Anderson et al. (24) was used. Between 512 and 2,048 transients per data point were taken on a water-washed and N 2 -dried Ϸ30 mg of fibril sample prepared in 200 mM sodium phosphate, pH 7.2, at 37°C. For the measurements the sample was cooled to Ϫ80°C. Simulated dephasing curves were calculated with the aid of dedicated Cϩϩ programs. The idealized antiparallel structure with extended ␤-strands and the register given by a hydrogen bond between the amide of Ala-7 and the carbonyl of Leu-14 was defined as follows: distance between the 15 N and 13 C labels d NC ϭ 4.2 Å, periodicity d NN ϭ 9.6 Å within the sheet, and d NC vector was perpendicular to the strand axis.
Results and Discussion
To stimulate the formation of a stable coiled coil (25) (26) (27) (28) , Ile and Leu residues were placed at the a and d positions of the two heptad repeats defining the consensus segment of this type of fold ( Fig. 1 a and b) . In addition, Arg and Glu were incorporated at positions b, c, e, and g in a manner designed to permit optimal intra-and interhelical electrostatic interactions. The core sequence was flanked by N-and C-terminal acetylated Ser-and Gly-amidated capping residues (29), respectively. Importantly, this arrangement of residues is also compatible with the binary sequence patterning of stretches of hydrophobic and polar residues (ref. 30 and Fig. 1 a and c) , which has been found to favor ␤-sheet and amyloid formation (31) . Therefore, to complete the design of the parent peptide, referred to as cc␤-p, Ala and Leu residues were placed at the remaining f positions (residues denoted as X 7 and X 14 ).
The validity of the cc␤-p design was established by means of a variety of biophysical methods. The CD spectrum recorded from cc␤-p at 4°C confirmed the presence of substantial ␣-helical structure (Fig. 2a) , and AUC studies indicated the formation of a trimer ( Table 1 ). The stability of the helical trimeric complex formed by cc␤-p was probed by urea-induced unfolding monitored by CD at 222 nm ( Fig. 2b and Table 1 ). The complex readily dissociated after addition of the denaturant and displayed a sigmoidal unfolding profile. The helical signal was fully regained after renaturation, demonstrating that the urea-induced unfolding process is reversible. The overall fold and topology of cc␤-p in its ␣-helical state was determined by x-ray crystallography at 2-Å resolution. As shown in Fig. 2c , the peptide forms a bundle of three parallel ␣-helices that coil slightly around each other in a left-handed manner. Consistent with the coiled-coil design, the Ile and Leu side chains occupying the hydrophobic a and d core positions are packed in a knobs-into-holes fashion, and the Arg-8 and Glu-13 side chains form a tight network of g to eЈ interhelical salt bridges. No intrahelical salt bridges are seen in the structure. The acetyl moiety of Ser-1 caps the helical monomer by forming an intrachain hydrogen bond with the N-terminal main-chain nitrogen atom. Together with the solution studies, these results are consistent with cc␤-p folding into a native-like ␣-helical coiled-coil structure at low temperatures (32) .
The propensity of the cc␤-p coiled coil to undergo a conformational switch into a ␤-sheet-rich structure was assessed by CD at elevated temperatures. At 37°C and at a peptide concentration of 0.2 mg͞ml, after an initial lag phase, the helical signal with minima at 208 and 222 nm transformed into one with a single minimum centered at 217 nm (Fig. 2a) , which is consistent with the formation of ␤-sheet structures. The helical signal was not regained after cooling, indicating that the process of ␤-sheet formation is essentially irreversible. The length of the lag phase, as well as the slope of the growth phase, was both temperatureand concentration-dependent: At 50°C, the lag phase was shortened 15-fold and increasing the peptide concentration to 1 mg͞ml reduced it by 3-fold at 37°C. Addition of preformed aggregates rich in ␤-sheet structure shortened the transition time by eliminating the lag phase, and also accelerating the growth rate (Fig. 2d) . These findings are consistent with a nucleationdependent self-assembly process for cc␤-p (9).
The structure of cc␤-p in its ␤-sheet-rich form was analyzed by a combination of complementary spectroscopic and microscopic techniques. As shown in Fig. 3a Upper, cc␤-p samples in PBS that were withdrawn during the early stages of assembly and were inspected by TEM, revealed a series of discrete prefibrillar structures. These structures are markedly similar to the protofibrillar aggregates reported for a wide range of disease-and nondisease-related proteins (5, 9, 33) . TEM micrographs of mature cc␤-p samples reveal long fibrils of heterogeneous morphologies that appear as bundles made of single filaments 50-80 Å in diameter (Fig. 3a Lower) . The addition of Congo red to samples containing fibrils produced the green birefringence under crosspolarized light, which is characteristic of amyloid structures (Table 1) . TEM micrographs of mature samples obtained in water reveal single and frequently twisted fibrils with much more uniform morphology and with widths ranging from 40 to 80 Å (Fig. 3b) . X-ray diffraction images obtained with the x-ray beam perpendicular to the major axis of the fibril (Fig. 3c ) are consistent with a laminated cross-␤-structure (7) with a sharp and intense 4.8-Å reflection on the meridian and more diffuse reflections at 11 and 22 Å on the equator. The two equatorial reflections are compatible with three or more ␤-sheets forming the core of the fibril structure (34) . Fourier transform infrared spectra collected from fibrillar cc␤-p samples yielded one major band in the amide I region centered at 1,613 cm Ϫ1 and a minor one centered at 1,683 cm Ϫ1 (Fig. 3d) , a pattern characteristic of antiparallel ␤-sheets. The absence of any other dominant bands in the spectra suggests that all cc␤-p residues adopt a predominantly extended ␤-sheet conformation.
High ionic strength and elevated temperatures both accelerated the rate of cc␤-p fibril formation (data not shown), indicating that hydrophobic interactions are likely to play an important role in their assembly. To test this hypothesis, a cc␤ variant was prepared in which Met residues were placed at the heptad f7 and f14 positions (referred to as cc␤-Met; Fig. 1 ). Mutations of heptad f residues are not expected to interfere with the cc␤ coiled-coil structure, because these positions do not participate in the formation of the hydrophobic core. Met was chosen 222 measured at 4°C at peptide concentrations (monomer) of 0.2 mg͞ml. † Midpoints of urea-induced equilibrium transitions determined at 4°C and at peptide concentrations (monomer) of 0.15 mg͞ml. The error for each value is Ͻ10%. ‡ Average molecular masses determined at 4°C and at peptide concentrations between 0.1 and 0.5 mg ml Ϫ1 . The error for each value is Ͻ10%. The sequence predicted average molecular masses of the peptides are 2.1 kDa for cc␤-p and 2.2 kDa for cc␤-Met and cc␤-MetO, respectively. § Congo red staining of heat-induced fibril samples. ¶ Formation of protofibrils verified by TEM. Grand average hydropathy index scores (47) .
because this residue does not show a dramatically different intrinsic propensity to favor either ␣-helix or ␤-sheet structures when compared with Ala or Leu (35), and does not substantially alter the overall hydrophobicity of the peptide (Table 1 ). In addition, it can be chemically oxidized to a polar sulfoxide group that is expected to disrupt the two short binary hydrophobic͞ polar sequence patterns present in the sequence (Fig. 1c) ; this form of the peptide is referred to as cc␤-MetO.
As expected, the formation of a coiled-coil structure is not affected by the substitutions, and the stabilities of the cc␤ variants are comparable with that of the parent peptide ( Fig. 2b and Table 1 ). Protofibrils and mature fibrils formed by cc␤-Met and inspected by TEM are visually indistinguishable from those obtained from cc␤-p. However, cc␤-Met fibril assembly was found to be Ϸ60 times faster than that of the parent peptide ( Fig.  2 d and e and Table 1 ). In marked contrast to the aggregation behavior of cc␤ and cc␤-Met, no aggregate formation was observed for the cc␤-MetO derivative even after incubation of a 20-mg͞ml peptide solution for 72 h at 90°C or after attempts to seed the system by addition of preformed cc␤-Met fibrils. Thermal denaturation profiles recorded from cc␤-MetO by CD revealed fully reversible sigmoidal transitions with single inflection points (midpoint of the unfolding transition T m ϭ 46°C at 0.15 mg͞ml; data not shown). Interestingly, cc␤-Met amyloid formation was slowed down by the presence of an equimolar amount of cc␤-p, although the lag phase was not affected (Fig.  2e) . This finding suggests that the more slowly aggregating cc␤-p peptide influences the rate of cc␤-Met fibril growth by interfering with the packing of the peptide molecules within the fibrils. Consistent with this conclusion, the presence of an equimolar amount of cc␤-MetO resulted in strong suppression of amyloid fibril formation by cc␤-Met (Fig. 2e) . These results support the hypothesis that interactions between hydrophobic side chains play a decisive role in the assembly of cc␤ amyloid fibrils.
cc␤-Met fibrils obtained in water were further analyzed by AFM and STEM. Imaging of cc␤-Met fibrils in aqueous solution by AFM (Fig. 3e) revealed two prominent populations, characterized by axial repeats of 590 Ϯ 50 (white arrows) and 300 Ϯ 50 Å (yellow arrows), and maximum and minimum heights of 58 Ϯ 5 and 36 Ϯ 5 Å, and 74 Ϯ 9 and 61 Ϯ 8 Å, respectively. MPL measurements of cc␤-Met fibrils imaged by STEM indicated a minimum average MPL of 1.17 Ϯ 0.16 kDa͞Å and three higher values each at a mass increment of Ϸ0.4 kDa͞Å (Fig. 3f ) . Assuming a cross-␤ conformation of extended strands with a calculated MPL of 2.1 kDa͞4.8 Å ϭ 0.438 kDa͞Å for one cross-␤ lamina, these values indicate the presence of a heterogeneous population of fibrils, the major one consisting of segments of three ␤-sheets, and three additional ones consisting of four, five, and six sheets.
Based on the experimental data, we propose a structural model of the basic cc␤ amyloid subunit. The model involves a laminated cross-␤ conformation of a minimum of three ␤-sheets in which individual ␤-strands are fully extended, and the number of hydrophobic contacts between the side chains of residues at positions 5͞7͞9 and 12͞14͞16 is maximized in both the intra- (Fig. 4a ) and the intersheet (Fig. 4b) packing modes. As a result, the individual ␤-strands are arranged off-register and in an antiparallel fashion throughout the structure, allowing the formation of an extensive network of salt bridges between charged side chains. The minimum cross-section dimension of 62 ϫ 33 Å and the corresponding MPL of 1.31 kDa͞Å calculated for this cc␤ fibril model are fully consistent with the structural data (Fig. 3) . The proposed alignment and register within the ␤-sheet was further probed by solid-state NMR distance measurements on a sample of cc␤-p fibrils obtained at neutral pH and labeled selectively with 15 N at the amide position of Ala-7 and with 13 C at the carbonyl position of Leu-14. REDOR measurements of the coupling between these two nuclei provide support for an antiparallel out-of-register alignment of the constituent strands in which Ala-7 is hydrogen-bonded to Leu-14 (Fig. 4c) . In addition, REDOR measurements carried out on a cc␤-p sample containing 12% labeled and 88% unlabeled peptide (Fig. 4d) excludes the possibility of intrachain hydrogen bonds between Ala-7 and Leu-14, and therefore support the existence of an extended conformation for the peptide molecules in the fibrillar structure.
For many model systems, a laminated cross-␤ structure has been proposed (7, 22, 34, 36) . The model derived for cc␤ shares many features characterizing this type of fold. For polyglutamine aggregates associated with Huntington's disease, models based on a ␤-helix fold have been put forward (37) . However, both the length of the sequence as well as the ensemble of the data presented on the fibrillar form do not support such an alternative conformation for cc␤.
The detailed structural information presented for the cc␤ model system in both its ␣-helical and ␤-sheet conformations provides a strong rational basis for a systematic dissection of the driving forces involved in amyloid formation and the evaluation of their relative importance. The destabilization of the native state after mutation is generally acknowledged to be a major factor in controlling amyloid formation by a globular protein (6, 38, 39) . However, it has recently become apparent that many other factors also influence the process of aggregation and amyloid formation, including the kinetic barrier between the oligomeric and dissociated states, the nature of any residual structure present in the denatured state, the secondary structural propensities exhibited by the sequence, and the physicochemical properties of the polypeptide chain itself, such as charge or hydrophobicity (13, 36, (40) (41) (42) (43) . Perturbation of such factors due to the presence of a mutation or other causes, such as chemical modification of side chains as a result of protein misprocessing or aging, can therefore perturb the propensity of a given system to aggregate.
In this study, observation of the dramatic effect of the substitutions of Ala-7 and Leu-14 with Met and its sulfoxide derivative, in conjunction with the structural model, showing the close proximity of these residues (Fig. 4) , provides strong evidence for the influence of a small number of site-specific hydrophobic interactions on the packing of the peptide molecules within the fibrils, and hence on the dynamics of amyloid formation. In particular, the observed increase in rate by a factor of 75 resulting from incorporation of the two Met residues compares with a factor of only 1.9 predicted for the effect of the two substitutions on the intrinsic propensity of cc␤-p to aggregate (43) . This difference of a factor of 39 shows the additional effect of the specific packing interactions within the fibrillar structure in this system. The magnitude of this effect testifies to the success of the design strategy in which packing considerations were expected to play an important role. The fact that in natural polypeptide chains such interactions appear generally to be smaller in magnitude (43) supports the suggestion that many natural systems may select against sequences that are particularly favorable for stable amyloid structures (31).
This particular observation helps to rationalize a number of pathological conditions linked to specific hydrophobic mutations that have little effect on the overall stability of the protein or on the other features mentioned above (43, 44) . In the light of the structural model, as the kinetics of amyloid formation in cc␤ appear to be strongly influenced by specific hydrophobic packing interactions within the fibril, polymorphism at a critical site within a disease-associated amyloidogenic protein could represent an effective mechanism for delaying the onset of amyloid formation, not only by reducing the concentration of the homotypic species but also by slowing down the kinetics of the more rapidly aggregating species in the polymorphic mixture by interfering with its fibril packing. An important example of this point is sporadic Creutzfeldt-Jakob disease that occurs predominantly in individuals that are homozygous with respect to a common prion protein polymorphism at codon 129, resulting in either a Met or a Val residue (45) . Our findings that a mixture of cc␤-p and cc␤-Met aggregates much more slowly than does either of these peptides in isolation suggest that a mismatch in hydrophobic interactions could explain the slower aggregation process in deposition diseases that afflict heterozygotic individuals (46) .
The finding that all amyloid fibrils share some common characteristics such as fibril morphology and architecture offers the prospect that simple model systems can be used to systematically assess the factors that predispose a native protein to form amyloid fibrils. A significant difference to other de novo-and peptide-based model systems is that the designed cc␤ precursor is protein-like. This is an important feature because it allows us to study the relationship between the stability of the native state of a protein and the factors underlying amyloid formation in a simplified manner. This approach in turn has an advantage over studies of natural sequences, where the complexity and size of the proteins often hinders a detailed rational approach to these processes. We believe, therefore, that the cc␤ system provides an Fig. 1 . The black and gray arrows discriminate between the two faces of the ␤-strand. Residues at positions 7 and 14 are marked by white and yellow crosses, respectively. (c) REDOR difference signal ⌬S͞S0 from a sample of cc␤ fibrils with 15 N label at the amide nitrogen of Ala-7 and 13 C label at the carbonyl carbon of Leu-14 as a function of dephasing time REDOR. Experimental REDOR difference data (F) were obtained from the peak intensities of the carbonyl resonance. The SD for each data point was Ϯ 0.01. The red curve was calculated by assuming an idealized antiparallel structure with extended ␤-strands and the register being defined by a hydrogen bond between the amide of Ala-7 and the carbonyl of Leu-14. The agreement of the simulation to the data is excellent for the important short dephasing times Ͻ20 ms where the transfer is determined primarily by the shorter distance d NC. The blue curve was calculated for a structure in which the register of the strands has been shifted by one residue. (d) REDOR measurements (F) on a 12% double-labeled fibrillized cc␤-p sample. The red and blue curves were calculated for extended interchain hydrogen-bonded ␤-strands and for a putative hairpin model with intrachain hydrogen bonds between the labeled residues, respectively. exceptionally favorable platform from which to develop a more detailed understanding of the origin and progression of the increasing number of fatal human disorders associated with amyloid formation.
